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Pseudomonas alcaligenes NCIB 9867 (designated as P25X) is capable of degrading 
aromatic hydrocarbons via gentisate pathway. Biochemical characterization of P25X 
mutant indicated that it has isofunctional enzymes for the mono- and 
dioxygenase-catalyzed reactions. One set of the enzymes is constitutively expressed 
whereas the other strictly inducible. To date, only the gene encoding the 
constitutively-expressed gentisate dioxygenase had been cloned and characterized. A 
mutant strain of P25X, designated G56, which had the constitutive copy of the 
gentisate 1,2-dioxygenase gene interrupted by a streptomycin/spectinomycin resistance 
gene cassette, was found to express gentisate dioxygenase, but only when the cells 
were induced by gentisate. 
The proteome profiles of P25X and mutant G56 grown in the presence and absence of 
gentisate were compared after 2D-PAGE. Fifteen distinctive protein spots which were 
observed only in induced cells of P25X and mutant G56 but absent in non-induced 
cells of both strains were further analyzed by MALDI-TOF, Q-TOF and N-terminal 
sequencing. Of the 15 proteins being examined, 13 showed significant sequence 
similarity to the proteins with assigned functions in other microorganisms. The 
identification of protein M5 which showed high homology to a gentisate dioxygenase 
from Ralstonia sp. U2 indicated the putative function of this protein being consistent 
with the inducible gentisate 1,2-dioxygenase in P. alcaligenes.  In addition, the 
induction of stress proteins and other adaptation phenomena were also observed. The 
parallel protein analysis of P25X and mutant strain G56 had enabled changes in P. 








1.1    Engineering bacteria for bioremediation 
The most promising approach for treating the polluted environment is through 
bioremediation which is dependent on the catabolic functions of microorganisms. The 
use of the metabolic potential of microorganism for eliminating environmental 
pollutants provides a safer and economic alternative to their disposal in waste dump 
sites when compared with commonly used physico-chemical strategies. 
Microorganisms capable of mineralizing a variety of toxic compounds under 
laboratory conditions have been isolated. The accumulation in the environment of 
highly toxic and persistent compounds, however, emphasizes the fact that the natural 
metabolic diversity of the autochthonous microbes is insufficient to protect the 
biosphere from anthropogenic pollution. 
Genes for catabolic functions are considered to have adaptively evolved in nature by 
various genetic events, resulting in a family of diverse but highly related sequences. 
The enzymes that carry out the insertion of molecular oxygen into substrates are 
termed oxygenases. The various oxygenases are different in structure, mechanism, and 
cofactor requirements (Mason & Cammack, 1992). Aromatic-ring-hydroxylating 
dioxygenases generally consist of a terminal dioxygenase and the reductase chain, 
which transfers electrons from NAD(P)H to the terminal dioxygenase. The reduced 
terminal dioxygenase catalyzes the direct insertion of molecular oxygen into the 
substrate. Some terminal dioxygenases are homomultimers whereas others are 
heteromultimers consisting of a large subunit (α) and a small subunit (β). In each case, 
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the α subunit contains a Rieske (2Fe-2S) center and mononuclear iron. The 
mononuclear iron is believed to be the site of oxygen activation. Because dioxygenases 
such as toluene dioxygenase (Toi Dox), naphthalene dioxygenase (NDO) and biphenyl 
dioxygenase (BP Dox) exhibit relaxed substrate specificities, attempts were made to 
use these enzymes for degradation of a variety of environmental pollutants. 
Furthermore, dioxygenases has been modified to improve the degradation capacities 
toward recalcitrant chlorinated compounds. Engineering of monooxygenases such as 
cytochrome P450 has also been successfully conducted (Kellner et al., 1997).  
Many recalcitrant chemicals contain structural elements or substituents that do not (or 
seldom) occur in nature (xenobiotics). Presumably, because of the novelty of these 
compounds, microorganisms have not evolved appropriate metabolic pathways for 
them. Whereas for some xenobiotics, no degradative routes have been described, 
others are transformed incompletely or inefficiently, or the complex mixtures of 
contaminants prevent degradation by existing pathways. A solely biochemical 
explanation is not sufficient for explaining the accumulation of such compounds. 
Efficient degradation involves various factors, such as bioavailability of the substrates, 
which have to be understood. Furthermore, the substrate has to be transported into the 
cell. Besides these factors, the organism capable of degradation must be present at the 
site where it is needed and it has to perform under the given or manipulated 
environmental conditions. Thus, a combined approach is required to understand the 
bottlenecks of xenobiotic degradation, to rationally overcome them by different 
(genetic) engineering methods, to elucidate the microbial metabolic diversity and to 
understand the metabolic and organismic network necessary for activity under 
environmental conditions.  
In the practical world, engineers will approach bioremediation using a black-box 
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approach (regarding the biocatalysts) and armed with chemical and engineering 
solutions. The biocatalysts are often the ones isolated from contaminated soil/sites and 
they are often reported to carry out degradation of the toxic environmental pollutants 
over a period of time in either bioreactors or on site. However, this approach is not 
satisfactory as the microorganism’s capability and contribution to degradation is often 
ill-defined. Identification of proteins from 2D gels coupled with functional assays will 
clearly define the role of the proteins or enzymes involved in degradation of the 
particular aromatic hydrocarbon. This will help to set up a database of functional 
proteomics. Degradation of aromatic hydrocarbons is dependent of the capability of 
these to act as inducers of transcriptional regulators controlling the operation of 
pathways and the enzymes that attack the substrates. Using the 2D gel electrophoresis 
approach, these can be identified, cloned by reverse genetics, modified by SDM, or 
random mutagenesis and reintroduced into the bacteria to see if the substrate or kinetic 
properties can be altered. In this way, new biocatalysts with superior qualities such as 
improved kinetics and wider substrate specificities can be achieved. The role of the 
microorganism(s) in the consortium can be better defined and the degradative process 
can be designed to achieve optimum conditions. 
 
1.2   Gentisate pathyway for degradation of aromatic compounds 
Gentisic acid is a key intermediate and focal point in the aerobic pathways for the 
metabolism of a large number of aromatic compounds; such as anthranilate (Ladd, 
1962), p-naphthol (Walker & Lippert, 1965), 3- and 4-hydroxybenzoates (Crawford, 
1975, 1976; Jones & Cooper, 1990; Harpel & Lipscomb, 1990), salicylate (Ohmoto et 
al., 1991), flavanones (Tomasek & Crawford, 1986), m-cresol, 2,5- and 3,5-xylenol 
(Hopper & Chapman, 1971; Hopper & Taylor, 1975) and naphthalene disulfonate 
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(Wittich et al., 1988).  
The discovery that the gentisate pathway plays a role in the degradation of aromatic 
hydrocarbons could be traced back to 1953, when Roof et al. first reported that 
gentisate could serve as a sole carbon source for a gram-negative aerobic bacillus and 
oxidation of gentisate did not follow any of the catabolic pathways established during 
that time. Studies with P. ovalis initiated a general scheme in which gentisic acid was 
metabolized (Tanaka et al., 1957; Lack, 1959). The main feature of this pathway was 
the cleavage of the benzene ring by gentisate 1,2-dioxygenase to form maleylpyruvate, 
and isomerization to fumarylpyruvate, followed by hydrolysis to fumarate and 
pyruvate (Fig. 1.1) (Lack, 1959). These products were then utilized in the tricarboxylic 
acid cycle for carbon and energy production. This metabolic pathway occurs in a few 
genera of bacteria, such as Pseudomonas ovalis (Lack, 1959) and Moraxella osloensis 
(Crawford et al., 1975). 
In 1968, Hopper and his colleagues established an alternate pathway for the 
degradation of gentisate whereby maleylpyruvate was hydrolyzed to maleate and 
pyruvate. The divergence in the pathway was observed to occur during the catabolism 
of m-cresol, 2,5-xylenol and 3,5-xylenol in three Pseudomonas species (Hopper & 
Chapman, 1971; Hopper et al., 1971). 
Pseudomonas alcaligenes NCIB 9867 (designated as P25X) was isolated by elective 
enrichment using 2,5-xylenol as the carbon source. Hopper and colleagues showed that 
growth of P25X on either m-cresol, 2,5- or 3,5-xylenol resulted in the synthesis of 
enzymes that degraded the other two growth substrates completely (Hopper & 
Chapman, 1971). This was interpreted as being due to the inductive functions of the 
growth substrates and the substrate specificities of the enzymes. For example, in 
addition to utilizing gentisate as a substrate, P25X gentisate1,2-dioxygenase formed 
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during growth on m-cresol could also utilize 3-methyl-, 4-methyl-, 3-ethyl- and 3,4-
dimethylgentisate as well (Hopper et al., 1971). The substrate range included 3-chloro-, 
4-chloro, 3-fluoro, 4-fluoro, and 3-bromo-gentisate (Poh & Bayly, 1980). A gentisate 
1,2-dioxygenase with broad substrate specificity was similarly synthesized when either 
2,5- or 3,5-xylenol was the growth substrate (Poh & Bayly, 1980). Furthermore, the 
various ring-fission products of these gentisates were also readily attacked by a 
maleylpyruvate hydrolase from the same organism. Specificity of induction by 
different growth substrates was evident since the ratio of activities of maleylpyruvate 
hydrolase towards maleylpyruvate and 3-bromomaleylpyruvate in m-cresol-grown 
P25X was different from that observed when 2,5-xylenol was the growth substrate 
(Hopper et al., 1971). 
Studies with mutant strains of P25X have provided information on the physiological   
mechanisms that control the synthesis of enzymes of the gentisate pathway used by 
P25X for growth on m-cresol, 2,5- and 3,5-xyleno1 (Poh & Bayly, 1980). The first five 
enzymes were synthesized constitutively (Fig. 1.1). Their specific activities were 
raised only 3- to 5-fold when P25X wild type was grown on either m-cresol, 2,5-or 
3,5-xylenol. The first reaction of the pathway is catalyzed probably by a single enzyme 
of broad substrate specificity as a mutant defective in producing the methyl 
hydroxylase failed to grow when m-cresol, 2,5- or 3,5- xylenol was the growth 
substrate (Poh & Bayly, 1980). 
It was established that P25X has isofunctional enzymes for the mono- and dioxygenase 
catalysed reactions, one set being constitutive, and the other strictly inducible. The 
presence of three sets of isofunctional enzymes mediating the reaction sequences from 
3-hydroxybenzoate to citraconate was also observed (Poh & Bayly, 1980). One set was 
constitutive and not signficantly induced during growth on 2,5-xylenol, while the other 
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set was induced during growth on m-cresol, 3-hydroxybenzoate and gentisate. Strains 
of P.alcaligenes NCIB 9867 (P25X) which had lost the genes encoding the constitutive 
enzymes, from 3-hydroxybenzoate 6-hydroxylase I to gentisate 1, 2-dioxygenase I, 
were found to retain a strictly inducible set of enzymes (3-hydroxybenzoate 6-
hydroxylase II and gentisate 1,2-dioxygenaseII). These inducible enzymes had marked 
differences in substrate specificities from the constitutive enzymes (Poh & Bayly, 
1980). On the basis of differences observed in the substrate specificities of the 
constitutive and inducible maleylpyruvate hydrolases, it was suggested that two such 
enzymes were produced by P25X (Poh & Bayly, 1980). Presence of isofunctional 
maleylpyruvate hydrolases was subsequently confirmed by purification and 
characterization from cells grown with lactate and 3-hydroxybenzoate carbon sources 
(Bayly et al., 1980). 
Two benzylalcohol dehydrogenase enzymes were postulated to be synthesized by 
P.alcaligenes P25X (Poh & Bayly, 1980). Strains that were not able to utilize 2,5-
xylenol and had no constitutive alcohol dehydrogenase were observed to grow on p-
cresol using the β-ketoadipate pathway. This led Poh and Bayly (1980) to conclude 
that an inducible alcohol dehydrogenase was present (1980). Two distinct 
benzylalcohol dehydrogenases were isolated and characterized in P25X (Wirohusodo, 
1989). 
P. alcaligenes NCIB 9867 (P25X) therefore metabolizes m-cresol, 2,5- and 3,5- 
xylenol via the gentisate pathway, utilizing a combination of single enzymes with 
broad substrate specificities (such as xylenol methylhydroxylase), and a number of 
isofunctional enzymes (such as 3-hydroxybenzoate-6-hydroxylases, gentisate 1,2-




















1.3   Gentisate 1,2-dioxygenase 
Gentisate is a key metabolite formed from anthranilate, β-naphthol, 3- and 4- 
hydroxybenzoate, salicylate, flavonones, m-cresol, 2,5-xylenol, 3,5-xylenol and 
naphthalene. The aromatic-ring-cleavage enzyme, gentisate 1,2-dioxygenase (GDO; 
EC1.13.11.4, gentisate: oxygen oxidoreductase), cleaves the aromatic ring between the 
carboxyl- and the vicinal- hydroxyl group to form maleylpyruvate (Fig. 1.2). Although 
the mechanism of oxygen activation of gentisate 1,2-dioxygenase was proposed to be 
similar to that of enzymes of the extradiol dioxygenase class (Harpel & Lipscomb, 
1990b) and the active center contains Fe (II) (Crawford et al., 1975; Harpel & 
Lipscomb, 1990a; Kiemer et al., 1996; Suarez et al., 1996; Sugiyama et al., 1958), the 
Fe (II) is not bound to the enzyme by electron-donating ligands such as cysteine or 
tyrosine (Harpel & Lipscomb, 1990b) as is the case for extradiol-cleaving dioxygenase 
























The first GDO that was purified was from Moraxella osloensis (Crawford et al., 1975). 
Since then, several GDOs have been purified and characterized from Gram-positive 
bacteria of the genera Rhodococcus and Bacillus (Suemori et al., 1993; Kiemer et al., 
1996) and Gram-negative bacteria of the genera Klebsiella, Pseudomonas and 
Sphingomonas (Suarez et al., 1996; Harpel & Lipscomb, 1990a; Werwath et al., 1998). 
In addition, gentisate 1,2-dioxygenase has also been purified from an extreme 
halophile Haloferax sp. D1227 (Fu & Oriel, 1998). The amino terminal sequences of 
GDOs purified from Comamonas acidovorans and Comamonas testosteroni have been 
determined and the enzyme has a quaternary structure (α)4 composed of a single 
polypeptide species of about 40 kDa (Harpel & Lipscomb, 1990a). Most of the 
purified GDOs were found with similar subunit size and structural organization 
(Werwath, 1998; Fu et al., 1998). 
In 1990, Harpel and Lipscomb established the first direct demonstration of 
dioxygenase stoichiometry in the reaction of a ferrous, non-heme, aromatic ring-
cleaving dioxygenase. It is proposed that the enzyme-catalyzed O2 attack on the 
aromatic ring of gentisate is initiated from a complex in which O2 and substrate are 
simultaneously coordinated to the active site iron. Subsequent dioxygen bond cleavage 
and insertion are proposed to be promoted by a resonance shift involving ketonization 
of the carbon-5 hydroxyl group. EPR studies also suggested that H2O coordinates with 
Fe (II) and that gentisate binds directly to the iron cofactor through two coordinations, 
using one oxygen atom of the carbon-1-carboxylate and the oxygen atom of the 
carbon-2 hydroxyl group, thereby bringing the site of ring cleavage close to the active 
site iron (Harpel & Lipscomb, 1990b). 
Three nucleotide sequences of gentisate1,2-dioxygenase genes have been determined 
recently from Haloferax sp. D1227 (Fu et al., 1998), Sphingomonas sp. RW5 
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(Werwath et al., 1998), and Pseudomonas sp. U2 (Fuenmayor el al., 1998). However, 
there are no comparative studies of the nucleotide sequences of gentisate 1,2-
dioxygenase genes. At the same time, the amino acid residues that are essential for 
function have not been identified. 
 
1.4   Proteomics, origins and growth 
The term “proteomics” was first coined in 1995 and was defined as the large-scale 
characterization of the entire protein complement of a cell line, tissue, or organism 
(Anderson, 1996; Wasinger et al., 1995; Wilkins et al., 1995). Today, two definitions 
of proteomics are encountered. The first is the more classical definition, restricting the 
large-scale analysis of gene products to studies involving only proteins. The second 
and more inclusive definition combines protein studies with analyses that have a 
genetic readout such as mRNA analysis, genomics, and the yeast two-hybrid analysis 
(Pandey & Mann, 2000). However, the goal of proteomics remains the same, i.e., to 
obtain a more global and integrated view of biology by studying all the proteins of a 
cell rather than each one individually.  
Using the more inclusive definition of proteomics, many different areas of study are 
now grouped under the rubric of proteomics (Fig. 1.3). These include protein-protein 
interaction studies, protein modifications, protein function, and protein localization 
studies to name a few. The aim of proteomics is not only to identify all the proteins in 
a cell but also to create a complete three-dimensional (3-D) map of the cell indicating 
where proteins are located. These ambitious goals will certainly require the 
involvement of a large number of different disciplines such as molecular biology, 
biochemistry, and bioinformatics. It is likely that in bioinformatics alone, more 
powerful computers will have to be devised to organize the immense amount of 
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information generated from these endeavors. 
The first protein studies that can be called proteomics began in 1975 with the 
introduction of the two-dimensional gel by O’Farrell, Klose, and Scheele who began 
mapping proteins from Escherichia coli, mouse, and guinea pig, respectively 
(O’Farrell, 1975; Klose, 1975; Scheele, 1975). Although many proteins could be 
separated and visualized, they could not be identified. Despite these limitations, shortly 
thereafter a large-scale analysis of all human proteins was proposed. The goal of this 
project, termed the human protein index, was to use two-dimensional protein 
electrophoresis (2-DE) and other methods to catalog all human proteins (Anderson et 
al., 1980). However, lack of funding and technical limitations prevented this project 
from continuing.  
Although the development of 2-DE was a major step forward, the science of 
proteomics would have to wait until the proteins displayed by 2-DE could be identified. 
One problem that had to be overcome was the lack of sensitive protein sequencing 
technology. Improving sensitivity was critical for success because biological samples 
are often limiting and both one-dimensional (1-D) and two-dimensional (2-D) gels 
have limits in protein loading capacity. The first major technology to emerge for the 
identification of proteins was the sequencing of proteins by Edman degradation 
(Edman, 1949). A major breakthrough was the development of micro-sequencing 
techniques for electro-blotted proteins (Aebersold et al., 1987; Aebersold et al., 1988; 
Aebersold et al., 1986). This technique was used for the identification of proteins from 
2-D gels to create the first 2-D databases (Celis et al., 1987). Improvements in micro-
sequencing technology resulted in increased sensitivity of Edman sequencing in the 
1990s to high-picomole amounts (Aebersold et al., 1987). 
One of the most important developments in protein identification has been the 
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development of MS technology (Andersen & Mann, 2000). In the last decade, the 
sensitivity of analysis and accuracy of protein identification by MS have been 
increased by several orders of magnitude (Anderson & Mann, 2000; Pandey & Mann, 
2000). It is now estimated that proteins in the femto-molar range can be identified in 
gels. Because MS is more sensitive, can tolerate protein mixtures and is amenable to 
high-throughput operations, it has essentially replaced Edman sequencing as the 
protein identification tool of choice. 
The growth of proteomics is a direct result of advances made in large-scale nucleotide 
sequencing of expressed sequence tags and genomic DNA. Without this information, 
proteins could not be identified even with the improvements made in MS. Protein 
identification (by MS or Edman sequencing) relies on the presence of some form of 
database for the given organism (Pandey & Lewitter, 1999; Shevchenko et al., 1996). 
The majority of DNA and protein sequence information has accumulated within the 
last 5 to 10 years (Broder & Venter, 2000). In 1995, the first complete genome of an 
organism was sequenced, that of Haemophilus influenzae (Fleischmann et al., 1995). 
At the time of this writing, the sequencing of the genomes of 45 microorganisms has 
been completed and that of 170 more is under way 
(http://www.tiger.org/tdb/mdb/mdbcomplete.html). In addition, the rice (Matsumoto et 
al., 2001), mouse (Zhas et al., 2001), and human (Lander et al., 2001; Venter et al., 









Fig. 1.3   Proteomics and their applications to biology.
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1.5   The application of proteomics 
Many types of information cannot be obtained from the study of genes alone. For 
example, proteins, not genes, are responsible for the phenotypes of cells. It is 
impossible to elucidate mechanisms of disease, aging, and effects of the environment 
solely by studying the genome.  
1.5.1   Annotation of the genome 
One of the first applications of proteomics will be to identify the total number of genes 
in a given genome. This “functional annotation” of a genome is necessary because it is 
still difficult to predict genes accurately from genomic data (Eisenberg et al., 2000). 
One problem is that the exon - intron structure of most genes cannot be accurately 
predicted by bioinformatics (Dunham et al., 1999). To achieve this goal, genomic 
information will have to be integrated with data obtained from protein studies to 
confirm the existence of a particular gene.  
1.5.2   Protein expression studies  
In recent years, the analysis of mRNA expression by various methods has become 
increasingly popular. These methods include serial analysis of gene expression (SAGE) 
(Velculescu et al., 1995) and DNA microarray technology (Schena et al., 1995; Shalon 
et al., 1996). However, the analysis of mRNA is not a direct reflection of the protein 
content in the cell. Consequently, many studies have now shown a poor correlation 
between mRNA and protein expression levels (Abbott, 1999; Anderson & Seilhamer 
1997; Gygi et al., 1999; Ideker et al., 2001). The formation of mRNA is only the first 
step in a long sequence of events resulting in the synthesis of a protein (Fig. 1.4). First, 
mRNA is subject to posttranscriptional control in the form of alternative splicing, 
polyadenylation, and mRNA editing (Newman, 1998). Many different protein isoforms 
can be generated from a single gene at this step. Second, mRNA can be subjected to 
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regulation at the level of protein translation (Jansen et al., 1995). Proteins, having been 
formed, are subjected to posttranslational modification. It is estimated that up to 200 
different types of posttranslational protein modifications exist (Krishna & Wold, 1993). 
Proteins can also be regulated by proteolysis (Kirschner, 1999) and 
compartmentalization (Colledge & Scott, 1999). The average number of protein forms 
per gene was predicted to be one or two in bacteria, three in yeast, and three or more in 
humans (Wilkins et al., 1996). Therefore, it is clear that the tenet of “one gene, one 
protein” is an oversimplification. In addition, some bodily fluids such as serum or 
urine have no mRNA source and therefore cannot be studied by mRNA analysis. 
1.5.3   Protein function 
In microorganisms which the genomes have been sequenced, no function can be 
assigned to about one-third of the sequences in organisms (Eisenstein et al., 2000). The 
complete identification of all proteins in a genome will aid the field of structural 
genomics in which the ultimate goal is to obtain 3-D structures for all proteins in a 
proteome. This is necessary because the functions of many proteins can only be 
inferred by examination of their 3-D structure (Burley et al., 1999). 
1.5.4   Protein modifications 
One of the most important applications of proteomics will be the characterization of 
posttranslational protein modifications. Proteins are known to be modified post-
translationally in response to a variety of intracellular and extracellular signals (Hunter, 
1995). For example, protein phosphorylation is an important signaling mechanism and 
disregulation of protein kinases or phosphatases can result in oncogenesis (Hunter, 
1995). By using a proteomics approach, changes in the modifications of many proteins 





FIG. 1.4   Mechanisms by which a single gene can give rise to multiple gene products. Multiple protein isoforms can be generated by RNA 
processing when RNA is alternatively spliced or edited to form mature mRNA. mRNA, in turn, can be regulated by stability and efficiency of 
translation. Proteins can be regulated by additional mechanisms, including posttranslational modification, proteolysis, or compartmentalization. 
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1.5.5   Protein localization and compartmentalization 
One of the most important regulatory mechanisms known is protein localization. The 
mislocalization of proteins is known to have profound effects on cellular function, e.g. 
cystic fibrosis (Drumm & Collins, 1993). Proteomics aims to identify the subcellular 
location of each protein. This information can be used to create a 3-D protein map of the 
cell, providing novel information about protein regulation.  
1.5.6   Protein-protein interactions 
Of fundamental importance in biology is the understanding of protein-protein 
interactions. The process of cell growth, programmed cell death, and the decision to 
proceed through the cell cycle are all regulated by signal transduction through protein 
complexes (Pawson & Nash, 2000). Proteomics aims to develop a complete 3-D map of 
all protein interactions in the cell. One step toward this goal was recently completed for 
the microorganism Helicobacter pylori (Rain et al., 2001). Using the yeast two-hybrid 
method to detect protein interactions, 1,200 connections were identified between H. 
pylori proteins covering 46.6% of the genome (Rain et al., 2001). A comprehensive 
two-hybrid analysis has also been performed on all the proteins from the yeast S. 
cerevisiae (Uetz et al., 2000). 
 
1.6   Technology of proteomics 
An integral part of the growth of proteomics has been in the advances made in protein 
technologies. Twenty-six years ago, when 2-DE was introduced, very few tools existed 
for proteomics. Since that time, new technologies have emerged and old ones have been 
improved in areas from protein separation to protein identification. However, it is also 
clear that it is still not feasible to conduct many types of proteomics because of 
limitations in technology. These problems will have to be solved and new technologies 
                                                                                                                                                       18
must be developed for proteomics to reach its full potential. A typical proteomics 
experiment (such as protein expression profiling) can be broken down into the following 
categories: (i) the separation and isolation of proteins from a cell line, tissue, or 
organism; (ii) the acquisition of protein structural information for the purposes of 
protein identification and characterization; and (iii) database utilization. 
1.6.1   Separation and isolation of proteins 
By the very definition of proteomics, it is inevitable that complex protein mixtures will 
be encountered. Therefore, methods must exist to resolve these protein mixtures into 
their individual components so that the proteins can be visualized, identified, and 
characterized. The predominant technology for protein separation and isolation is 
polyacrylamide gel electrophoresis. Unlike the breakthroughs in molecular biology that 
eventually enabled the sequencing of the human genome, some aspects of protein 
science have shown little progress over the years. Protein separation technology is one 
of them. Since its inception some 32 years ago (Laemmli, 1970), protein electrophoresis 
still remains the most effective way to resolve a complex mixture of proteins. In many 
applications, it is at this stage where the bottleneck occurs. This is because 1- or 2-DE is 
a slow, tedious procedure that is not easily automated. However, until new technology 
replaces this methodology, it will remain an essential component of proteomics. 
1.6.2   One dimensional gel electrophoresis 
For many proteomics applications, 1-DE is the method of choice to resolve protein 
mixtures. In 1-DE, proteins are separated on the basis of molecular mass. Because 
proteins are solubilized in sodium dodecyl sulfate (SDS), protein solubility is rarely a 
problem. Moreover, 1-DE is simple to perform, is reproducible, and can be used to 
resolve proteins with molecular masses from 10 to 300 kDa. The most common 
application of 1-DE is the characterization of proteins after some form of protein 
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purification. This is due to the limited resolving power of a 1-D gel. If a more complex 
protein mixture such as a crude cell lysate is encountered, then 2-DE can be used. In 2-
DE, proteins are separated by two distinct properties. They are resolved according to 
their net charge in the first dimension and according to their molecular mass in the 
second dimension. The combination of these two techniques produces resolution far 
exceeding that obtained in 1-DE. 
1.6.3   Two-dimensional gel electrophoresis 
Two-dimensional electrophoresis (2-D electrophoresis) is a powerful and widely used 
method for the analysis of complex protein mixtures extracted from cells, tissues, or 
other biological samples. This technique sorts protein according to two independent 
properties in two discrete steps: the first-dimension step, isoelectric focusing (IEF), 
separates proteins according to their isoelectric points (pI); the second-dimension step, 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), separates proteins according to 
their molecular weights (MW). Each spot on the resulting two-dimensional array 
corresponds to a single protein species in the sample. Thousands of different proteins 
can thus be separated, and information such as the protein pI, the apparent molecular 
weight, and the amount of each protein is obtained. 
Two-dimensional electrophoresis was first introduced by P.H. O’Farrell and J. Klose 
(O’Farrell, 1975 and Klose, 1975). In the original technique, the first-dimension 
separation was performed in carrier ampholyte-containing polyacrylamide gels cast in 
narrow tubes. Sample was applied to one end of each tube gel and separated at high 
voltages. After IEF, the gel rods were removed from their tubes, equilibrated in SDS 
sample buffer, and placed on vertical SDS-polyacrylamide gels for the second-
dimension separation. The power of 2-D electrophoresis as a biochemical separation 
technique has been recognized virtually since its introduction. Its application, however, 
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has become significant only in the past few years as a result of a number of 
developments. 
z The 2-D technique has been improved to generate 2-D maps that are superior in 
terms of resolution and reproducibility. This new 2-D technique, developed by A. 
Gorg and colleagues (Gorg et al., 1985; Gorg et al., 1988), utilizes an improved 
first-dimension separation method that replaces the carrier ampholyte-generated pH 
gradients with immobilized pH gradients (IPG) and replaces the tube gels with gel 
strips supported by a plastic film backing.  
z Methods for the rapid analysis of proteins have been improved to the point that 
single spots eluted or transferred from single 2-D gels can be rapidly identified. 
Mass spectroscopic techniques have been developed that allow analysis of very 
small quantities of peptides and proteins. Chemical micro-sequencing and amino 
acid analysis can be performed on increasingly smaller samples. Immunochemical 
identification is now possible with a wide assortment of available antibodies. 
z More-powerful, less expensive computers and softwares are now available, 
allowing routine computerized evaluations of the highly complex 2-D patterns. 
z Data about entire genomes (or substantial fractions thereof) for a number of 
organisms are now available, allowing rapid identification of the gene encoding a 
protein separated by 2-D electrophoresis.  
z The World Wide Web provides simple, direct access to spot pattern databases for 
the comparison of electrophoresis results and to genome sequence databases for 
assignment of sequence information. 
A large and growing application of 2-D electrophoresis is "proteome analysis." 
Proteome analysis is "the analysis of the PROTEin complement expressed by a 
genOME" (Wilkins et al., 1996; Pennington et al., 1997). The analysis involves the 
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systematic separation, identification, and quantification of many proteins simultaneously 
from a single sample. 2-D electrophoresis is used in this application due to its 
unparalleled ability to separate thousands of proteins. 2-D electrophoresis is also unique 
in its ability to detect post- and co-translational modifications which cannot be predicted 
from the genome sequence. 
Other applications of 2-D electrophoresis include analysis of cell differentiation, 
detection of disease markers, monitoring therapies, drug discovery, cancer research, 
purity checks and micro-scale protein purification. 
The 2-D process begins with sample preparation. Proper sample preparation is 
absolutely essential for good 2-D resolution. The next step in the 2-D process is IPG 
strip rehydration. IPG strips are provided dry and must be rehydrated with the 
appropriate additives prior to IEF. First-dimension IEF is performed on a flatbed system 
at very high voltages with active temperature control. Next, strip equilibration in SDS-
containing buffer prepares the sample for the second-dimension separation. Following 
equilibration, the strip is placed on the second-dimension gel for SDS-PAGE. The final 
steps are visualization and analysis of the resultant two-dimensional array of spots. In 
summary, the experimental sequence for 2-D electrophoresis is: 
1. Sample preparation 
2. IPG strip rehydration 
3. IEF 





                                                                                                                                                       22
1.6.4   Acquisition of protein information 
1.6.4.1   Mass spectrometry (MS) 
MS enables information such as peptide masses or amino acid sequences to be obtained. 
This information can be used to identify the protein by searching protein databases. It 
also can be used to determine the type and location of protein modifications. The 
harvesting of protein information by MS can be divided into three stages: (i) sample 
preparation, (ii) sample ionization, and (iii) mass analysis. 
1.6.4.2   Database Utilization 
Databases allow protein information harvested from Edman sequencing or MS to be 
used for protein identification. The goal of database searching is to be able to quickly 
and accurately identify large numbers of proteins (Quadroni & James, 1999). The 
success of database searching depends on the quality of the data obtained in the mass 
spectrometer, the quality of the database searched and the method used to search the 
database.  
A variety of tools for database searching now exist on the World Wide Web (Table 1.1). 
The ExPASy server provides a variety of tools for proteomics and programs for protein 
identification (Wilkins et al., 1999). In this study, we identified protein spots by using 
various database mining strategies consecutively. Profound, MS-Fit, MASCOT and 
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Table 1.1   World Wide Web tools for searching databases with protein 




URL Information available 




Peptide mass mapping 
and sequencing 
PeptIdent http://www.expasy.ch/tools/peptident. Peptide mass mapping 
and sequencing 
PepSea http://195.41.108.38/PepSeaIntro.html Peptide mass mapping 
and sequencing 
MASCOT http://www.matrixscience.com/ Peptide mass mapping 
and sequencing 




http://prospector.ucsf.edu/ Peptide mass mapping 
and sequencing 
MSBLAST http://dove.embl-heidelberg.de/Blast2/ Peptide mass mapping 
and sequencing 
FindMod http://www.expasy.ch/tools/findmod/ Posttranslational 
modification 
SEAQUEST http://fields.scripps.edu/sequest/ Uninterpreted MS/MS 
searching 
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1.7   The use of proteome analysis in the study of degradation of aromatic 
hydrocarbons 
Bacteria use a wide variety of organic compounds as carbon and energy sources. Apart 
from biogenic compounds, many bacterial species are able to attack xenobiotics. 
However, their value in bioremediation processes is often limited by slow conversion 
rates, which can be affected by unfavorable environmental conditions like adverse 
temperatures, nutrient deficiencies and lack of electron acceptors, as well as by the toxic 
effects of the xenobiotics. Different xenobiotics have been shown to have deleterious 
effects on numerous sites within cells. Depending on their physical and chemical 
properties, different xenobiotics have been shown to increase membrane fluidity (Isken 
and Bont, 1998), decrease ATP-synthesis (Loffhagen et al., 1997), and modify or 
denature biomolecules in bacteria (Tamarit et al., 1998). Several types of responses, like 
changing the composition of membrane lipids (Loffhagen et al., 1995), modifying the 
hydrophobicity of the cell surface (Isken and Bont, 1998), and increasing the levels of 
specific proteins, appear to increase the stability of the cells (Visick and Clarke, 1995). 
Analysis of bacterial responses to various aromatic hydrocarbon compounds by 
proteomics has demonstrated that the induced proteins included various specific 
peptides with unknown functions, together with various stress proteins associated with 
responses to heat shock, oxidative stress, osmotic shock and starvation (VanBogelen et 
al., 1987; Blom et al.,1992). Our understanding of the contributions made by stress 
proteins to resistance against xenobiotics has been advanced by several recent studies on 
bacteria like Pseudomonas putida (Lupi et al.,1995), Methylocystic sp. (Uchiyama et 
al.,1999), and Burkholderia sp. (Cho et al., 2000) that are able to metabolize these 
compounds. Thus, analysis following exposure of bacteria to stress-inducing conditions 
or to toxic pollutants can enable identification of the stress proteins or the enzymes that 
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are involved in catabolism of these environmental pollutants. 
Proteome analysis of degradative bacteria would enable us to understand how the 
bacteria react to the presence of toxic aromatic hydrocarbon substrates. Aromatic 
degradation in bacteria is a complex phenomenon involving not only catabolic enzymes 
but also several auxiliary proteins, such as heat shock proteins and membrane proteins. 
Recently, Benndorf and Babel (2002) performed proteome analysis of Delftia 
acidovorans MC1 exposed to 2,4-dichlorophenoxypropionic acid, its metabolites 2,4-
dichlorophenol and 3,5-dichlorocatechol during growth on pyruvate as a source of 
carbon and energy. Induction of two chlorocatechol 1,2-dioxygenases was reported, but 
induction of the GroEL, DnaK and AhpC proteins that were generally used as markers 
for heat shock and oxidative stress responses was not observed. Similar work by Kim et 
al. (2003) using proteomic analysis of benzoate degradation in Acinetobacter sp. KS-1 
identified two benzoate-degrading enzymes (catechol 1,2-dioxygenase and β-
ketoadipate succinyl-CoA transferase). Another study undertaken by Giuffrida et al. 
(2001) performed proteome analysis of crude extracts of A.radioresistens grown on 
aromatics substrate (benzoate and phenol) as sole carbon source. Cells grown on a 
nonaromatic substrate (acetate) were used as a control. Enzymes specifically involved in 
the catabolism of these aromatic hydrocarbons together with other proteins with satellite 
function such as porins, chaperonins were identified. A more recent study by Pessione et 
al.(2003) monitored Acinetobacter radioresistens S13 growing under different growth 
substrate conditions, using acetate, benzoate or phenol as sole carbon sources. 2-DE 
analysis of protein extracts elucidated the role of the membrane as the modulable site, 
enabling communication between internal and external environments. Some of the 
membrane located proteins are involved with regulating intracellular pH, solubilization 
and uptake of aromatic hydrocarbons molecules. The latter are of increasing interest 
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because of their implications in bioremediation. 
Thus, 2- DE is a powerful tool for investigations of the mechanisms employed by 
bacteria to degrade aromatic hydrocarbons and the associated physiological responses. 
Since 2-DE displays all bacterial soluble proteins expressed at specific culture 
conditions, it provides an understanding of the transport proteins involved and the 
enzymes by microorganisms to degrade the aromatic hydrocarbons. The proteomic 
approach overcomes the tedious classical approach involved in gaining an 
understanding of the pathway and enzymes employed in degradation of aromatic 
hydrocarbons. However, proteomic tools have only been used to study the degradation 
of aromatic hydrocarbons in a few bacterial species, such as Acinetobacter 
radioresistens, Acinetobacter lwoffii K24, and Pseudomonas sp. K82 (Kim et al., 2003). 
To our knowledge, application of the proteomics technology for protein analysis in the 
field of environmental biotechnology is still in its infancy and proteomics of degradative 
bacteria is potentially novel. This knowledge, hitherto unavailable, would enable us to 
potentially enhance the degradative capability of microorganisms for use in 
bioremediation of toxic pollutants from our environment. The importance of studying 
the degradative pathways by which bacteria catabolize aromatic compounds is evident if 
we consider the environmental pollution of soil and water caused by agricultural and 
industrial activities, or by accidental contamination with fuels, oils and solvents. 
 
1.8  Objectives of this thesis 
With the unraveling of the DNA sequences of microorganisms, information about the 
ORFs are readily available, but not the functions that they encoded. Each ORF will need 
to be cloned and expressed. This approach is laborious and may not reveal functions 
specified by each hypothetical ORF. An alternative approach is to examine the proteins 
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formed under specific conditions of growth. In this investigation, proteins that are 
produced by Pseudomonas alcaligenes P25X and its mutant strain in response to 
aromatic hydrocarbons were examined by 2D-PAGE and identified by mass 
spectrometry. This approach allows one to identify proteins with known functions in 
other microorganisms and proteins of hypothetical and unknown functions. The 
availability of amino acid sequences provided by de novo protein sequencing from mass 
spectrometric analysis will enable one to design primers to clone and express the genes 
of interest for further analysis. 
Pseudomonas alcaligenes NCIB 9867 (P25X) is capable of degrading aromatic 
hydrocarbons via the gentisate pathway. Biochemical characterization of P25X mutants 
indicated that it has isofunctional enzymes for the mono- and dioxygenase - catalysed 
reactions. One set of the enzymes is constitutive and the other is strictly inducible. To 
date, only the genes for the constitutively-expressed gentisate 1,2-dioxygenase and the 
downstream enzymes have been cloned. A mutant strain of P25X, designated strain G56, 
which had the constitutive copy of the gentisate 1, 2-dioxygenase gene interrupted by a 
streptomycin/ spectinomycin resistance gene cassette, was found to still express 
gentisate 1,2-dioxygenase when induced by gentisate. However, the inducible copy of 
gentisate enzyme is refractory to cloning. The shot-gun cloning approaches and mini 
Tn5 mutagenesis were proven to be unsuccessful. With these premises, we resort to two-
dimensional (2D) polyacrylamide gel electrophoresis (PAGE) approach to identify the 
inducible set of gentisate 1,2-dioxygenase.  
The main objectives of this study were: 
1. Investigate the expression of proteins in P25X wild type and mutant strain G56 
induced and non-induced by gentisate.  
2. Using differential 2D electrophoresis and proteomics analysis to identify the 
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existence of inducible gentisate enzymes and other proteins that were expressed in 
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CHAPTER 2 
Materials and Methods 
 
2.1   Materials 
All the chemicals used were of analytical grade. 
 
2.1.1   Chemicals and reagents 
Protein assay reagents were purchased from Bio-Rad laboratories (Richmond, California, 
USA). 
Bovine serum albumin (BSA), high and low molecular weight markers for PAGE and 
SDS-PAGE were purchased from Amersham Biosciences. 
2,5-xylenol, sodium lactate, methanol, acetic acid, absolute alcohol, were obtained from 
E. Merk (Darmstadt, Germany). 
Urea, CHAPS, Dithiothreitol (DTT), Bromophenol Blue, IPG cover fluid, Acrylamide, 
N, N’-methylenebisacrylamide, Tris, SDS, glycerol, ammonium persulphate, TEMED, 
glycine, agrose, Coomassie blue tablets, Immobiline Drystrip gels and IPG buffer  were 
obtained from Amersham Biosciences. 
Gentisate, Iodoacetimide, ampicillin, kanamycin, ribonulease A (RNase A) were 
obtained from Sigma Chemical Co. (Missouri, USA).  
 
2.1.2   Equipment for 2-D electrophoresis 
IPGphorTM Isoelectric Focusing System (Amersham Biosciences) was chosen for first-
dimension IEF. 
HoeferTM miniVE mini vertical (Amersham Biosciences) and HoeferTM SE600 (standard 
vertical, Amersham Biosciences) was chosen for second-dimension SDS-PAGE. 
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2.1.3   Bacteria 
Pseudomonas alcaligenes NCIB 9867(P25X) 
Pseudomonas alcaligenes NCIB 9867 designated in this study as P25X, was isolated by 
elective culture in liquid minimal medium containing 2,5-xylenol as the sole carbon 
source (Hopper & Chapman, 1971). 
 
Pseudomonas alcaligenes NCIB 9867 mutant G56 
A mutant of P25X, designated in this study as G56, had the constitutive copy of the 
gentisate 1, 2-dioxygenase gene interrupted by a streptomycin/ spectinomycin resistance 
gene cassette. (Yeo et al., 2003) 
 
2.1.4   Maintenance of stock cultures 
P25X were maintained on basal minimal agar plate with 2.5 mM 2, 5 xylenol as the sole 
carbon source. Strains G56 was maintained on LB agar plate. 
Strains in current use were maintained at 4 ºC on relevant agar plates for approximately 
2 weeks. Stock cultures were preserved in sterile LB medium containing 20% glycerol 
at -80 ºC.  
 
2.2   Cell induction and protein extraction 
2.2.1   Preparation of media 
LB medium was prepared according to Miller (1972) (Appendix 1). LB agar was 
prepared by addition of 1.5% agar to liquid LB medium. 
Liquid minimal medium (1 liter) was made up to contain KH2PO4, 2 g; (NH4)2SO4, 1 g; 
mineral salts solution, 20 ml; 40% MgSO4, 1 ml; and metals “44” solution. The metals 
“44” solution used in the media was formulated by Hegeman (1996) (Appendix 1). This 
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medium was adjusted to pH 7.4 with 10 N NaOH. For minimal medium agar plate, 
1.5% purified agar (OXOID, UK) was added to the liquid basal medium containing    
2.5 mM 2,5-xylenol as the sole carbon source. DL-lactic acid, which was a non-
aromatic carbon source, was used at a final concentration of 20 mM. With the exception 
of gentisate, DL-lactic acid and most of the aromatic hydrocarbon sources were 
autoclaved together with the minimal medium. Gentistate was sterilized by filtration 
through a sterile Millipore membrane filter with a pore size of 0.45 µm (Millipore Corp. 
Bedford, Massachusetts, USA) and added aseptically into the medium just before 
culture inoculation. 3-Hydroxybenzoate solution which was neutralized with 10 N 
NaOH and autoclaved separately was used as the inducing aromatic carbon source at a 
final concentration of 2.5 mM. 
All media, with or without agar, were autoclaved at 118 ºC for 15 minutes for the 
minimal media and 121 ºC, 20 mins for the LB medium. 
 
2.2.2   Preparation of buffers 
Enzyme activities were measured in 0.1 M phosphate buffer. It was prepared by 
dissolving the required quantity of KH2PO4 in distilled water, adjusting the pH to 7.4 
with NaOH before bringing the solution to the final volume required with distilled water. 
The buffer used in the protein extraction procedure was 40 mM Tris – HCl (pH8.0). 
The buffers used for protein electrophoresis are described in section 2.5.  
 
2.2.3   Bacterial growth and induction 
A freshly grown single colony of P25X WT from 2,5-xylenol minimal agar plate and 
strain G56 from LB plate were used to inoculate 10 ml of LB, respectively. The two 
cultures were grown overnight at 32 ºC with shaking at 250 rpm in a New Brunswick 
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orbital shaker incubator (Model G52) (New Jersey, USA). An aliquot of 10 ml of the 
overnight culture was introduced into a 2-litre flask containing 500 ml of liquid minimal 
medium containing 20 mM sodium lactate. The culture was grown to an OD of 0.5 to 
0.6 at 580 nm. The inducing compound - gentisate, was introduced to the culture at a 
final concentrationof 2.5 mM. In order to obtain uniform samples for proteome analysis, 
all cultures were allowed to incubate in the presence of gentisate for 8 hour and 
harvested at the late exponential growth phase. 
 
2.2.4   Harvesting of bacteria 
Cultures of P25X WT and mutant strain G56 were harvested by centrifugation at 10,000 
× g for 10 min at 4 ºC. The cells were washed twice by 40 mM Tris - HCl (pH 8.0) and 
centrifuged under the same conditions. Cells were immediately used or stored at -20 ºC. 
 
2.2.5   Preparation of cell extracts 
The cells were re-suspended in 40 mM Tris – HCl (pH8.0) to a cell density of 0.5 g wet 
weight per ml. The cell suspension was sonicated using a ¾ inch probe on a MSE-
Soniprep-150 for 10 seconds with a 20 seconds cooling interval between each pulse. 
The cells were disrupted by sonication for a total of 10 min. During sonication, the cell 
suspension was maintained in an ice-cold slurry. Samples were then treated with 
DNAase and RNAase (final concentrations of 1 mg/ml and 5 mg/ml, respectively) for 
20 mins at RT, then centrifuged at 12,000 × g for 10 min at 4 ºC. The supernatant was 
collected in a 50 ml centrifuge tube and ice-cold methanol was added to a final volume 
of 40 ml. Then the tube was placed at -80 ºC for an hour before centrifugation at 12,000 
× g for 30 min at 4 ºC. The pellet was re-suspended in 0.5 ml lysis solution [8 M urea, 
4% CHAPS, 40 mM Tris (Base)]. 
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2.3   Determination of protein concentration  
2.3.1   Protein quantity using PlusOneTM 2-D Quant Kit 
PlusOneTM 2-D Quant Kit is designed for the accurate determination of protein 
concentration in samples to be analyzed by high resolution electrophoresis techniques 
such as 2-D electrophoresis, SDS-PAGE or IEF. Many of the reagents used in the 
preparation of such samples, including detergents, reductants, chaotropes and carrier 
ampholytes, are incompatible with other protein assays. The procedure works by 
quantitatively precipitating protein while leaving interfering substances in solution. The 
assay is based on the specific binding of copper ions to the protein. Precipitated proteins 
are resuspended in a copper-containing solution and unbound copper is measured with a 
colorimetric agent. The color density is inversely related to the protein concentration. 
The assay has a linear response to protein in the range of 1-50 µg. The procedure is 
compatible with common sample preparation reagents such as 2% SDS, 1% DTT, 8 M 
urea, 2 M thiourea, 4% CHAPS, 2% PharmalyteTM and 2% IPG Buffer. 
 
2.3.2   Bradford protein assay methods 
Protein concentrations were determined by the Bradford protein assay (Bio-Rad protein 
kit) according to the manufacturer’s instruction. The absorbance of the reaction mixture 
was measured at 595 nm after 5 minutes of incubation at 23 ºC. Bovine serum albumin 
(Sigma. St. Louis, Mo.) was used as the standard within the range from 20 µg- 120 µg. 
 
2.4   Enzyme Assay 
Enzyme assays were carried out in 3.0 ml quartz cuvette of 1 cm path length at 23 ºC 
using a UV-visible recording spectrophotometer UV-240 (Shimadzu, Japan). Gentisate 
1,2-dioxygenase activities were measured in 3.0 ml assay mixture containing 0.33 mM 
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gentisate in 0.1 M KH2PO4 , pH 7.4. The reaction, started by the addition of an 
appropriate volume of enzyme, was monitored by measuring the increase in absorbance 
at 330 nm, which arises from the formation of maleylpyruvate (Lack, 1959). An 
extinction value equal to 10.8 ×103 M-1 cm-1 was used to calculate the specific activity 
which was expressed as µmol of maleylpyruvate produced per minute per milligram of 
protein. 
 
2.5   Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) 
The PlusOneTM 2D Quant Kit (Amersham Biosciences) was used to quantify the 
concentration of each protein sample. 60 µg of proteins from each cell extract was 
analyzed by 2D-PAGE. A pH 4-7 immobilized pH gradient (13 cm) IPG strip gel 
(Amersham Biosciences) was rehydrated overnight with Rehydration solution (8 M urea, 
2 % CHAPS, 0.002 % Bromophenol blue) containing the sample in a total volume of 
250 µl. IEF was performed using a IPGphor IEF system (Amersham Biosciences) and 
conducted by stepwise increase of voltages as follows: 500 V for 1 hr, 1000 V for 1 hr, 
8000 V till the total reached 16 KVh. After IEF separation, strips were equilibrated 
twice for 15 min each time with SDS equilibration buffer (50 mM Tri/HCl, pH 8.8; 6 M 
urea, 30 % glycerol, 2 %SDS, 0.0002 % bromophenol blue). The first equilibration step 
contained DTT (final concentration: 100 mg DTT per 10 ml of SDS equilibration buffer) 
and the second step had iodoacetamide added without DTT (final concentration: 250 mg 
iodoacetamide per 10 ml of equilibration buffer). IPG strips were then placed over a 
12.5 % polyacrylamide gel (18 x 16 cm) and ran at 15 mA/gel for 15 min and then the 
current was increased to 30 mM/gel until the bromophenol blue had run off the end of 
the gel. The gels were stained with Silver Stain Plus (Bio-Rad, USA). If Coomassie blue 
R350 was used for staining the gels, protein loading can be increased to 500 µg in a total 
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volume of 250 µl. The IEF was conducted by stepwise increase of the voltage as follows: 
500 V for 1 hr, 1000 V for 1 hr, 8000 V till the total volt-hours (Vh) reaching 24 KVh. 
Other steps were conducted under the same conditions as above.  
 
2.6   Gel staining 
After electrophoresis, gels were subjected to Coomassie blue staining or Sliver staining. 
For each sample, duplicate gels were run each time and analyzed on 6 separate 
occasions using silver staining. When gels were stained by Coomassie blue, duplicate 
gels were electrophoresed and repeated 3 times. ImageMaster v 3.01 software 
(Amersham Biosciences, USA) was used for protein spot detection and analysis. 
 
2.6.1   PhastGel® Blue R staining 
2.6.1.1   Solution preparation 
Stock solution 
1. A tablet of PhastGel Blue R was dissolved in 80 ml of distilled water and stirred 
for 5 to 10 minutes. 
2. Methanol (120 ml) was added and stirred until all of the dye was dissolved. The 
solution was then filtered. 
This stock solution (0.2 %) is stable for one to three weeks at 4 ºC. 
Final solution 
For a 0.1 % solution: 1 part of filtered stock solution was mixed with 1 part of 20 % 
acetic acid in distilled water. 
For a 0.02 % solution: 1 part of filtered stock solution was mixed with 9 parts of 
methanol: acetic acid: distilled water (3:1:6). [For best results with PhastGel IEF 
media, 0.1 % (w/v) CuSO4 was added.] 
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2.6.1.2   Gel staining 
After electrophoresis, gels were taken off from the running tank and soaked in Final 
Solution overnight with constant shaking.  
 
2.6.1.3   Gel destaining 
Gels were destained in a solution for about 2 hours with constant shaking or until the 
protein spots can be visualized as sharp blue bands against a clear background. The 
destaining solution was made up of the same formula with Final solution except that 1 
tablet of PhastGel Blue R was dissolved in it.  
 
2.6.2   Silver Stain Plus Kit (Bio-Rad) 
Silver Stain Plus is a quick, simple system for detecting proteins or nucleic acids in 
polyacrylamide and agarose gels after electrophoresis. Proteins and nucleic acids can be 
visualized in 1 hour with very little hands on time by employing a carrier-complex silver 
staining chemistry similar to that developed by Gottlieb and Chavko (1987) for 
detecting DNA in agrose gels. Silver staining is very sensitive. Silver Stain Plus is 30-50 
fold more sensitive than Coomassie Blue R-350 dye and will detect nanogram quantities 
of protein and DNA.  
Polyacrylamide gel staining procedure: 
1. Fixative step 
After gel electrophoresis, gels were placed in the fixative enhancer solution (Bio-Rad, 
USA). With gentle agitation, the gels were fixed for 20 minutes. 
2. Rinse step 
The fixative enhancer solution from the staining vessel was decanted. Gels were rinsed 
in deionized distilled water for 30 minutes with gentle agitation. After 30 minutes, the 
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water was removed and replaced with fresh rinse water. The gels were left in water for 
an additional 30 minutes.  
3. Staining and developing step 
Both mini and large format gels were stained in staining solution [35 ml deionized water, 
5.0 ml silver complex solution (Bio-Rad, USA), 5.0 ml reduction moderator solution 
(Bio-Rad, USA), 5.0 ml image development reagent (Bio-Rad, USA), 50 ml room 
temperature development accelerator solution (Bio-Rad, USA) and swirl well] with 
gentle agitation for approximately 20 minutes or until desired staining intensity was 
reached. After the desired staining was reached, the gels were placed in 5 % acetic acid 
to stop the reaction. 
4. Stop Step 
The gels were placed into 5 % acetic acid solution to stop the staining reaction. After 
stopping the reaction, the gels were rinsed in high purity water for 5 minutes. The gels 
were then ready to be dried or photographed. 
 
2.7   In gel digestion and Acquisition of MS and MS/MS Spectra 
Proteins spots were excised from the 2D-gel and were in-gel digested with trypsin 
following the procedure described by Shevchenko and co-workers (1996). Mass spectra 
of each spot were acquired using a PerSeptive Biosystems Voyager-DE STR MALDI-
TOF mass spectrometer (Applied Biosystems, USA) operating in delayed extraction 
reflectron mode. In addition, nano electrospray ionization (ESI) tandem MS was also 
performed for the purified tryptic digests (using Millipore Zip-Tip C18 pipette tips) using 
a Q-TOF 2 mass spectrometer (Micromass, USA) and partial amino acid sequences of 
the peptides were obtained. 
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2.8    N-terminal sequencing 
The proteins in the gels were passively eluted overnight using elution buffer [100 mM 
sodium acetate (unbuffered), 0.1 % SDS and 50 mM DTT] at 37 ºC with shaking and 
transferred to a PVDF membrane and washed using a ProSorb cartridge (PE Biosystems, 
Foster City, CA, USA). The sample was subjected to 15 cycles of N-terminal 
sequencing. 
Automated Edman degradation was carried out using an Applied Biosystems 494 
Procise Protein Sequencing System. 
 
2.9   Data interpretation and database searches 
Database searches performed against a comprehensive nonredundant protein sequence 
database. No limitations on protein molecular weights, pI, or species of origin were 
imposed. 
 
2.9.1   Database searches using the spectrum from MALDI-TOF and Q-TOF 
Peptide mass fingerprints (PMF) of the tryptic peptides from MALDI-TOF MS together 
with the isoelectric points and molecular weight values were used to search the National 
Center for Biotechnology Information (NCBI) protein database using the program 
Profound - peptide mapping (ProteoMetrics) at 
http://129.85.19.192/profound_bin/WebProfound.exe and MS - Fit at 
http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm.  
Database searches using ESI tandem MS data was performed using the Matrix Science 
Ltd. server (http://www:matrixscience.com) employing the MASCOT software (David 
et al., 1999).   
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2.9.2   MS BLAST homology searches protocol 
All complete and partial peptide sequences obtained by PredictSequence were used for 
MS BLAST searching. Sequences were edited according to the following rules: 
(a) L stands for both leucine and isoleucine residues. Z stands for glutamine and lysine 
residues and is used if reliable differential assignment of these amino acid residues in 
the peptide sequences is not possible. K stands for a C-terminal lysine residue. 
(b) If the peptide sequence is complete (i.e., the calculated mass fits the mass of the 
precursor ion), a symbol of the trypsin cleavage site B is inserted prior to the sequence. 
(c) The symbol X stands for an undefined amino acid residue. 
(d) All sequence proposals obtained for sequenced peptides were spaced with the minus 
symbol (-) and merged into a single string. The query might contain space symbols, 
hard returns, numbers, etc., all of which would be ignored by the server. The scoring 
values for B and X symbols in the conventional PAM30 matrix20 were substituted by 
the newly defined scores and explained below. Searches were performed by WU-
BLAST2 program [Gish, W. (1996-1999) http://blast.wustl.edu] provided at the EMBL 
server site: http://dove.embl-heidelberg.de/Blast2/. The following settings were applied: 
“Program”, blast2p; “Database”, nrdb95; “Matrix”, PAM30MS; “Expect”, 100; “Other 
advanced options”, -nogap-hspmax 100-sort_by_totalscore -span1. 
Practical guidance on BLAST searches and explanation of settings and available options 
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CHAPTER 3 
 
Proteome Mapping of the gentisate-induced response in Pseudomonas alcaligenes 
NCIB 9867 (P25X) 
 
3.1   Specific activity of gentisate enzymes from mutant G56 induced by different 
aromatic hydrocarbon compounds  
A mutant strain of P25X, designated G56 in this study, was generated by having the 
gentisate 1,2-dioxygenase gene (xlnE) interrupted by a streptomycin/spectinomycin 
resistance gene cassette(Yeo et al., 2003). When mutant strain G56 was grown in LB 
medium and later induced by 2.5 mM gentisate and 2.5 mM 3-hydroxybenzoate, 
gentisate 1,2-dioxygenase activity was found to be present (Fig. 3.1). Since mutant 
strain G56 was constructed with the xlnE being distrupted by the Sm/Sp gene cassette, 
growth of G56 cells on gentisate and 3-hydroxybenzoate could be due to the presence of 
a strictly inducible second copy of gentisate 1,2-dioxygenase (GDO II) (Fig. 3.1).  To 
date, only GDO I has been cloned, sequenced and characterized biochemically (Yeo et 
al., 2003), whereas the inducible GDO II is refractory to cloning. We resorted to 2D gel 
electrophoresis to investigate the global protein expression pattern in G56 when grown 














FIG. 3.1 Specific activity of gentisate enzymes from G56 cells grown in the absence 
of aromatic substrate (uninduced cells) and after induction with 2,5-xyl (2,5-
xylenol), 3-HOB (3-hydroxybenzoate), 3,4-HOMB (3-hydroxy-4-methylbenzoate) 
and gentisate. Mutant strain G56 was contructed with the gdoI being disrupted by the 
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3.2   Two-dimensional PAGE electrophoresis of proteins extracted from P25X and 
mutant G56 
Proteins extracted from G56 cells grown under non-induced and induced conditions 
were separated by 2D-PAGE across the pH range 4 – 7. The presence of 8 additional 
protein spots were consistently observed when cell extracts from G56 induced with 
gentisate were resolved in the 2D gels, and compared with 2D gels of extracts from 
uninduced cells (Fig 2B compared with Fig 2A). These protein spots were designated 
M1 to M8. Induction by gentisate also led to the up-regulation of 7 protein spots, 
designated U1 to U7, with the criteria of an up-regulated protein being set as at least a 3-
fold increase in intensity after staining. The results obtained from silver-stained gels 
were corroborated with Coomassie blue-stained gels (Fig 2C for uninduced cell extracts, 
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Figure 3.2 A: 2-D PAGE analysis of silver-stained proteins from G56 cells grown in 
minimal  medium without gentisate. All the proteins present under non-induced 
conditions were as indicated. Protein spots marked with “U” represented up-regulated 
spots (when Fig 3.2 A and 3.2 B were compared, these protein spots increased by at 
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Figure 3.2 B: 2-D PAGE analysis of silver-stained proteins from G56 cells grown in 
minimal medium in the presence of gentisate. All the proteins present under induced 
conditions were as indicated. Protein spots numbered as “M” represented new proteins 
detected in the gel (after induction by gentisate, these spots appeared in the induced gel 
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Figure 3.2 C: 2-D PAGE analysis of Coomassie blue-stained proteins from G56 
cells grown in minimal medium without gentisate. All the proteins present under non-
induced conditions were as indicated. Protein spots marked with “U” represented up-
regulated spots (when Fig. 3.2C and Fig. 3.2D were compared, these protein spots 
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Figure 3.2D: 2-D PAGE analysis of Coomassie blue-stained proteins from G56 cells 
grown in the medium in the presence of gentisate. All the proteins present under 
induced conditions were as indicated. Protein spots numbered as “M” represented new 
proteins detected in the gel (after induction by gentisate, these spots appeared on the 
induced gel but were missing in the non-induced gel, Fig. 3.2D). Protein spots 
numbered M1-M8 and U1-U7 from the Coomassie blue stained gels were cut out and 
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3.3   Mass spectrometry and database searching 
The strategy used for identification of homologous protein is outlined in Figure 3.3.  
MALDI-TOF and MS-FIT searches were applied as a first “screening” step enables 
rapid identification of known proteins or proteins highly homologous to them. If a 
plausible protein candidate has been hit, the match can be verified further by tandem 
mass spectrometric investigation of the selected matched peaks. If no protein candidate 
has been hit or if a number of intense peaks that do not match the already identified 
protein have been detected, spots will be sent to do Q-TOF. The spectrum data are 
submitted in a single packet for searching by MASCOT. One or two peptides matched 
with statistically significant scores produce a strong hit, leading to unambiguous 
identification of a homologous protein. If, however, the MASCOT score is statistically 
unreliable, the MS/MS spectrum data are submitted for MS BLAST searches. Those still 
unidentified protein spots will be sent to do the Edman N-terminal sequencing and 
subjected to database searches using MS BLAST. 
This approach utilizes only automated processing of data. No manual interpretation of 
tandem spectra or error-tolerant database searching is involved, and consequently, the 
whole strategy could be completely automated. It thus has the potential to become a 
high-throughput tool for protein identification. 
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 Figure 3.3 A strategy for MALDI-TOF MS, Q-TOF MS and N-terminal sequence 
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3.3.1   MALDI-TOF and MS-FIT database searches 
All 15 protein spots – i.e., M1 to M8, and U1 to U7 – were excised from Coomasssie 
blue-stained gels, subjected to trypsin digestion and analyzed by MALDI-TOF MS. The 
tryptic peptide masses obtained for each protein spot were searched against the MALDI-
TOF MS PMF database but only one of the spots, U5, was positively identified as 
isocitrate dehydrogenase from Pseudomonas aeruginosa PAO1 with 22% sequence 
coverage (92/418 amino acid sequences, predicted MW = 45.58 kDa, predicted pI = 
5.10).  
The peptide mass map acquired from in-gel digest of U5 is presented in Fig. 3.4. 
 
3.3.2    Q-TOF and MASCOT database searches 
The protein spots were also subjected to Q-TOF MS and the resulting data were used to 
search the NCBI database using MASCOT. This led to the positive identification of 
three other protein spots – M6, U4 and U6. M6 was identified as an amino acid-binding 
protein from Pseudomonas putida KT2440 with a score of 45, U4 showed similarity to a 
flagellin protein from Pseudomonas oleovorans with a score of 53, whereas U6 was 
identified as a C4-dicarboxylate-binding protein from P. aeruginosa PAO1 with a score 
of 153. The Q-TOF MS data also corroborated the identity of protein U5 as isocitrate 
dehydrogenase with a score of 168. A sample TOF spectrum data and MS/MS spectrum 
data for M5 was presented in Appendix 2 and 3. The summary of the Q-TOF result is 












Fig. 3.4  Peptide mass map of protein spot U5. 
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Table 3.1 Peptide sequences from Q-TOF analysis 
Sample ID Precursor:m/z  Sequence 
M1 529.32, +2 TALVEGLAGAR     TALVEGLAQR 
 495.29, +2 SELETALAGV        SELETALAR 
 658.35, +2 EATPTNTPELDK 
 609.3, +2 MVAGEVPETLR 
 578.8, +2 ALDLLDQAAAR 
 647.38, +2 NNPVLLGEPAAAK 
   
M2 None None 
   
M3* 712.33, +2 VLEEATNYLDEK 
 857.35, +2 ZZAGAAFGNHAGFAAHGK 
where “ZZ” is (ET) or DD 
 731.33, +2 GAGTFEFLYEDGR 
 1131.57, +2 [K/Q]EPVV[F/M]PLAAG 
   
M4 474.76+2 LPTDEAFR 
 514.31+2 RALLGARDR     RALLGADRR 
 511.27+2 AVVDKPMFPQDLR     VAVDKPMFPQDLR 
   
M5 472.25+2 AGDLTPLEK 
 519.75+2 NYTLVDGEK 
 464.27+2 TRPVLWR 
 527.8+2 WVGVDPLLR    WVGVPDLLR    WRVDPLLR  
ADVGVPDLLR 
 707.88+2 DTLNLGLSEDLPK    ESLNLGTVEDLPK  
ESLNLGLSEDLPK   SELNLGTVEDLPK  
SELNLGLSEDLPK   DTLNLGTVEDLPK 
 609.33+2 YADVRPDLLR    YADVGVPDLLR 
   
M6* 797.43, +2 ZZTDLFAEYFVVR 
where ZZ is probably (YA) but may also be (FS) 
 712.41, +2 LGLEAAYPPFAFK 
 686.35, +2 TAFAGNGVK 
 839.50, +2 LLWSVPETLTYLSR 
   
M7 599.35+2 LALELPGVETR 
 442.24+2 LFDDAFR 
 762.92+2 ALNLPDDANQDTLK 
 392.69+2 MDLDFK    HTHDFK 
 900.99+2 SGLEEQKTASSALPVKR   
GSLEEQKTASSALPVKR  SGLEQEKTASSALPVKR  
GSLEQEKTASSALPVKR 
 554.79+2 DGVLTLTFDK   TVALTLTFDK   ATVLTLTFDK  
TAVLTLTFDK 
 456.7+2 MDLDQFK 
   
M8 572.36+2 LALTGASGQLGR     LALTGASGQVAR 
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 458.28+2 VTDLGVGVR     VTDLGVVGR 
 440.74+2 QLFDDSR 
 425.24+3 VVYTSVLSHLR    VVYTSVLHSLR 
   
U1 576.26+2 AFAEDAEATVK 
 662.83+2 SLYEVSLVDTAK 
 457.26+2 EDLNVPVK 
   
U2 526.2+3 ADAAAQSESSAKELAK 
 545.3+2 LLPQEQYAK 
 474.2+2 SEWADLAR   DTWADLAR    ESWADLAR  
TDWADLAR 
   
U3 606.87+2 SNALNANLGNPK 
 547.2+2 TNASTEFAPR 
   
U4  Flagellin protein from Pseudomonas oleovorans 
   
U5  Isocitrate dehydrogenase from Pseudomonas 
aeruginosa PAO1 
   
U6  C4-dicarboxylate-binding protein from P. aeruginosa 
PAO1 
   
U7 384.67+2 MDLDFK 
 442.21+2 LFDDAFR 
 546.78+2 DGVLTLTMDK 
 554.76+2 DGVLTLHEPK 
 566.32+2 GFGFPALAVPR 
 599.3+2 LALELPGVEEK 
 764.4+2 ALNLPDDANQDTLK 
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3.3.3    MS BLAST database searching 
Peptide sequences obtained from Q-TOF for the remaining 10 unidentified proteins 
were edited following the rules provided by Shevchenko et al. (Shevchenko et al., 
2001) and further analyzed using MS BLAST. This led to the identification of 8 
proteins (M1, M3, M4, M5, M7, M8, U1 and U7) which showed similarities to 
proteins with assigned functions in the database, whereas 2 other proteins, U2 and U3, 
remained unidentified.  
Interestingly, Protein M5 had shown high homology to the amino acid sequence of 
gentisate 1, 2-dioxygenase from Ralstonia sp. U2. The match (total score was 107 with 
one peptide sequence showing 70 % homology while another showing 87 % homology) 
was higher than the threshold score (Shevchenko et al., 2001). These results are 
summarized in Tables 3.2. 
3.3.4 N-terminal sequencing and database searching 
After applying the data from MALDI-TOF and Q-TOF to search the database, we still 
didn’t get significant identification for two spots (U2 and U3). These two spots 
together with the interest spot M5 were sent to Australian Proteome Analysis Facility 
(APAF) to do the Edman N-terminal sequencing. 
The results of N-terminal sequencing were summarized in table 3.3 A, B and C. 
The N-terminal sequences were edited according to the rules provided by Shevchenko 
and co-workers and subjected to database search using the new MS-BLAST program 
for mass spec. U2 can be positively identified to be a hypothetical protein from 
Pseudomonas aeruginosa PA01. U3 can be positively identified to be Leucine-, 
isoleucine-, valine-, threonine-, and alanine-binding protein precursor (LIVAT-BP) 
from Pseudomonas aeruginosa PA01. The N-terminal sequencing data of M5 had no 
significant hit.  
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Table 3.2   Identification of proteins by MALDI-TOF, Q-TOF MS analysis and N-terminal sequencing 
 
Identified by MALDI-TOF and 
subjected  to MS-FIT search  
Identified by Q-TOF and 
subjected to MASCOT search  
Identified by Q-TOF and subjected to 
MS-BLAST search  
Identified by N-terminal 
sequencing and subjected to 
MS-BLAST search  
Spot 
No. 
I.P.a Org.b I.P.a Org. b I.P. a Org. b I.P. a Org. b 
M1 n.i. c  n.i.  Chaperone-associated ATPase 
P. eputida 
KT2440   
M2 n.i.  n.i.c, d      
M3 n.i.  n.i.  biotin carboxylase P. aeruginosa   





coelicolor A3(2)   
M5 n.i.  n.i.  Gentisate 1, 2-dioxygenase. Ralstonia sp. U2   
M6 n.i.  Amino acid-binding protein 
P. putida 
KT2440     
M7 n.i.  n.i.  




meliloti   
M8 n.i.  n.i.  gene: "ORF1"; P. sp.   
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U1 n.i.  n.i.  Phosphoglycerate kinase 
P. putida 
KT2440   











U4 n.i.  flagellin P.oleovorans     






PA01     





PA01     
U7 n.i.  n.i.  HspF Bradyrhizobium aponicum   
a I.P. identified protein. b Org. organism. c   n.i. not identified. d Q-TOF Ms analysis did not yield any amino acid sequence. e P. Pseudomonas. f 
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Table 3.3A   N-terminal sequencing data for protein M5 
Cycle Major signal Minor signal a 
1 - b - 
2 E - 
3 L - 
4 N - 
5 L - 
6 G Q, V 
7 T - 
8 V - 
9 E - 
10 D - 
11 L - 
12 P - 
13 - c - 
14 D - 
15 Y - 
 
a. In decreasing order of amount 
b. The first cycle could not be called because of high background. These background 
contaminants are commonly found at the 1-2 pmol level in the first cycle, particularly 
with gel eluted samples.  
c. Cycle 13 was a blank cycle which usually is an indication of Cys if the protein was 
not derivatised but from the information supplied in the request form this sample was 
reduced and alkylated. A blank may possibly indicate a Trp that could not be detected 
(as Trp yield is about 20% of the other amino acids it is the most difficult amino acid 
to see, especially when there is low level sequence). Alternatively, a blank may be due 
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Table 3.3B   N-terminal sequencing data for protein U2 
Cycle  Major signal Minor signal 
1 E - 
2 G - 
3 T - 
4 D - 
5 L - 
6 Q - 
7 A - 
8 L - 
9 E - 
10 Q - 
11 A - 
12 A - 
13 R - 
14 A - 
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Table 3.3C  N-terminal sequencing data for protein U3 
Cycle  Major signal Minor signal b 
1 - c - 
2 (D)a - 
3 N - 
4 I - 
5 K (V) a 
6 I - 
7 G - 
8 L - 
9 A - 
10 G - 
11 P - 
12 V - 
13 T - 
14 G - 
15 A - 
 
a.  ( ) = tentative call 
b.  In decreasing order of amount 
c. The first cycle could not be called because of high background. These background 
contaminants are commonly found at the 1-2 pmol level in the first cycle, particularly 
with gel eluted samples. This also affects the second cycle, but to a lesser extent, and 
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3.3.5   Comparison of N-terminal amino acid sequences  
The N-terminal amino acid sequences of the protein M5 were compared with 
isofunctional gentisate 1,2-dioxygenases from other strains (Table 3.4). Multiple 
alignments of N-terminal amino acid sequences revealed that for the first 15 N-
terminal amino acid residues, the highest identity (86.7%) was established between 
protein M5 from mutant G56 and P. putida P35X GDO. An identity of 53.3% was 
found to exist between protein M5 and the Ralstonia sp. U2 GDO as well as with the P. 
acidovorans GDO. This shows that the inducible GDO from P. putida P35X and that 
from P.alcaligenes P25X are more closely related, and they may be related to the GDO 
from Ralstonia sp. U2. Among the N-terminal sequences of the four GODs, 8 amino 
acid residues were found to be conserved within the first 15 amino acid residues 
(Fig.3.5).  
When the N-terminal sequences of M5 protein from mutant G56 were compared with 
the protein from the P25X GDO which was purified in our previous study (Yongmei et 
al., 1999), only a single amino acid residue (V) was found to be conserved amongst the 
N-terminal amino acid sequences and they shared only 6.7% identity in the first 15 
amino acid residues.  
P25X GDO I was determined to have a tetrameric (α)4 structure with identical subunit 
of around 40kDa. The N-terminal amino acid sequence of the P25X enzyme showed 
no homology with GDOs reported for P. testosteronei (Harpel & Lipscomb, 1990), P. 
acidovorans (Harpel & Lipscomb, 1990), Ralstonia. sp. U2 (Fuenmayor et al., 1998) 
and Sphingomonas sp. RW5 (Werwath et al., 1998). However, five conserved amino 
acid residues were shared by both the P25X and P35X enzymes. Only a single amino 
acid residue (L) was found to be conserved when the N-terminal amino acid sequences 
of P25X GDO was compared with three other GDOs from P.putida P35X (Yongmei et 
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al., 1999) , Ralstonia sp. U2 (Fuenmayor et al., 1998) and P.acidovorans (Harpel & 
Lipscomb, 1990) (Table 3.4). The N-terminal amino acid sequences of P.putida P35X 
GDO was found to share higher identity (43.5%) with Ralstonia sp. U2 and P. 
acidovorans GDOs, however, no homology could be established when it was 
compared with those from P. testosteroni (Harpel & Lipscomb, 1990) and 
Sphingomonas sp. RW5 GDOs (Werwath et al., 1998).  
A pair of degenerate primers could be designed based on the N-terminal amino acid 
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Table 3.4 N-terminal amino acid sequences of gentisate 1, 2 dioxygenases from P. acidovorans, Ralstonia sp. U2, P. alcaligenes P25X, 
P.putida P35X and P. alcaligenes P25X mutant strain G56 
 
Strains N-terminal amino acid sequences  References 
P. acidovorans M Q E L G R L E D L P Q D Y R D E L T R N N L V Harpel & Lipscomb, 1990  
Ralstonia sp. U2 M S H E L G R L E D L P Q D Y R D E L K Q L N L V P Fuenmayor et al., 1998 
P. alcaligenes P25X S F T E K P A V T K E R K E F Y S K L E C H D L A Yongmei et al., 1999 
P.putida P35X S E L N L G T V E D L P K D Y Y E Q L V A N N Yongmei et al., 1999 
P. alcaligenes P25X 
mutant strain G56 
-  E L N L G T V E D L P –  D Y This study 
 
N-terminal amino acid sequences of P25X, P35X, P. acidovorans and P25X mutant strain G56 were determined by automated Edman 














Strain                                                N-terminal amino acid sequence                                               Identity (%) 
 
P25X mutant G56         ---–  E– L –  N – L – G– T –V – E – D – L – P – ---– D – Y  
P. putida P35X               S –  E – L – N – L – G –T –V – E – D – L – P – K – D – Y                           86.7 % 
 
 
P25X mutant G56         ---– E – L – N – L – G – T – V –E – D – L – P – ---–D – Y 
P. acidovorans               M–Q –        E – L – G – R- L –  E – D – L – P – Q – D – Y – R                   53.3% 
Ralstonia sp. U2            M –S – H – E -  L – G – R – L –E – D – L – P – Q – D – Y – R                   53.3%             
P. putida P35X               S – E – L – N – L – G –T –V –  E – D – L – P – K – D –Y  
 
 
P25X mutant G56         ---– E – L – N – L – G – T – V – E – D – L – P – ---– D – Y 
P. alcaligenes P25X       S – F – T – E – K – P – A – V – T – K – E – R – K – E – F                          6.7 % 
 
 










3.4    Discussion 
The present study demonstrates that characterization of the proteome of organisms 
with unknown genomes can be carried out by a combination of peptide mass 
fingerprinting using data obtained from MALDI-TOF MS and amino acid analysis 
through Q-TOF MS and N-terminal sequencing. The combination of programs such as 
Profound-peptide mapping (ProteoMetrics) and MS BLAST searches has allowed 
identification of proteins based on peptide and amino acid sequence similarities with 
their known homologues in the databases. We have successfully identified 14 of the 15 
proteins that were induced by growing mutant strain G56 in a medium containing 
gentisate.  
Of the proteins that have been characterized, M5 is of particular interest. It has a total 
score of 107 with the amino acid sequence of gentisate 1, 2- dioxygenase from 
Ralstonia sp.U2. Two of the amino acid sequences derived from Q-TOF MS analysis 
showed high homology (70% and 87%, respectively). One of the short peptides 
differed by two residues from the gentisate dioxygenase from Ralstonia sp. while the 
other only differed by one. One protein spot (M2) did not yield any amino acid 
sequence and this could be due to insufficient quantity of the protein that could be 
extracted from the gel spot. Another protein spot (U2) was identified to be a 
hypothetical protein of unknown function. Since the genes encoding the inducible set 
of enzymes involved in gentisate catabolism have not been cloned, these genes of 
unknown function(s) could be involved in gentisate degradation. For example, the 
inducible mono-oxygenase has not been cloned and characterized. The availability of 
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amino acid residues can now provide information for reverse genetics to be performed. 
Several approaches are possible, for example, primers can be designed based on the 
availability of the short amino acid sequences and PCR can be performed to see if 
amplicons of the right size can be produced. If amplicons are formed, these can be 
cloned and over-expressed in E.coli. The function of the expressed protein can then be 
assayed. For example, if an amplicon can be expressed based on primers targeting at 
the nucleotides encoding M5, positive function can be ascertained by assaying the 
expressed protein. Then, in-vitro mutagenesis of the cloned gene can be performed and 
gene-knock-out of the chromosomal copy of gentisate 1, 2-dioxygenase may be 
achieved through homologous recombination. If this resulted in an elimination of 
gentisate 1, 2-dioxygenase from mutant strain G56, this will provide the evidence 
needed to assign a positive function for protein M5. 
In addition, strain G56 grown on gentisate had enhanced expression of some 
downstream enzymes that may play a role in gentisate degradation. For example, 
protein U5 was identified to be isocitrate dehydrogenase. This enzyme is known to 
catalyze isocitrate and NADP to generate NADPH, H+, 2-oxoglutarate and CO2 in the 
TCA cycle.  
We also found that the presence of gentisate induced the synthesis of heat shock 
proteins in G56, indicating the importance of stress proteins for adaptation of the 
microbial cell to the presence of aromatic hydrocarbons (Van Dyk et al., 1994). For 
example, protein M7 was identified to be a putative small heat shock protein from the 
hsp20 family and U7 was identified to be HspF. Stress response proteins generally are 
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defined as those that function to protect organisms from environmentally induced 
damage (Uchiyama et al., 1999). Several studies have shown that when bacteria were 
exposed to outside stimuli such as pollutants, temperature and starvation, stress 
response proteins were synthesized (Lupi et al., 1995; Vecellone and Herson, 1997). It 
has been reported that when Escherichia coli (Jenkins et al., 1988; Groat et al., 1986) 
and Pseudomonas putida (Dirk and Wolfgang, 1999) were starved, the cells acquired 
enhanced resistance to a variety of stresses, thereby enhancing survival. Often, the 
response to pollutant stress was found to overlap at least partially with responses to 
other stresses such as heat shock, oxidation, and starvation (Vecellone and Herson, 
1997). The results from this study showed that two approaches might be taken by 
P25X simultaneously as the response to gentisate, one was to enhance or induce the 
expression of enzymes responsible for the degradation of gentisate and the other was 
to induce the synthesis of heat shock proteins. The finding of heat shock proteins in 
this study is consistent with the previous investigation that detoxifying bacteria 
respond to chemo-stress by inducing the synthesis of stress proteins, such as GroEL 
(Uchiyama et al., 1999; Lupi et al., 1995). A protein spot from the 2D gel which had a 
similar MW and pI as the GroEL from P. putida (MW=59kDa; pI=4.82) (Dirk and 
Wolfgang, 2002) indicated that the protein present might be the GroEL protein. Further 
investigations using western blots with the anti-GroEL antibody and MALDI-TOF 
analysis will confirm this result. However, another commonly encountered stress 
response protein, DnaK, was not detected. The non-detection of DnaK could be due to 
absence of this stress response protein as the inducing compound, gentisate, used in 
66 
this study was different to catechol employed in an earlier study. (Dirk and Wolfgang, 
1999). Besides, protein spots from the 2D gel which had a similar MW and pI as the 
two oxidative stress proteins AhpF (MW=56kDa, pI=4.76) and AhpC (MW=25, 
pI=4.78) (Dirk and Wolfgang, 1999) were also found. A previous report showed that 
the induction of 2, 4- dichlorophenoxyacetic (2, 4-D) acid stress response proteins was 
dependent on the concentration of 2, 4-D used in the medium and the time of exposure 
(Cho et al., 2000). Therefore, the observation of heat shock and oxidative stress 
proteins in the current study could be affected by the concentration of gentisate in the 
growth medium and time of exposure.  The reason for not subjecting the stress 
response proteins to MALDI-TOF and Q-TOF analysis was that these protein spots on 
the gels were not significantly induced as we used a criterion to study those that had at 
least 3 fold increases in intensity. However, we have identified stress response proteins 
that showed homology to hspF and hsp20 and this is the first report to confirm through 
Q-TOF MS analysis of the enhanced expression of heat shock proteins such as hspF 
and hsp20 by P.alcaligenes P25X when grown in a medium containing an aromatic 
hydrocarbon such as gentisate. 
Exposure of G56 to gentisate has also been observed to induce a variety of adaptation 
phenomena. The protein spot M1 was identified to be a chaperone-associated ATPase. 
Previous studies have shown that some chaperones may defend the cells against the 
toxic effects of such compounds (Benndorf et al., 1999; Blom et al., 1992). Some 
chaperones such as DnaK or GroEL possess peptide-dependent ATPases (Ellis and 
Hemmingsen, 1989; Georgopoulos et al., 1994; Hendrick and Hartl, 1993), others such 
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as SecB or Hsp90 can recruit assistant ATPases (Ellis and Hemmingsen, 1989; 
Georgopoulos et al., 1994; Hendrick and Hartl, 1993). The property of the chaperone 
with its related ATPase identified here is the subject of further investigations.  
The protein spot U1 was identified to be a phosphoglycerate kinase (PGK). PGK is 
known to catalyze 3-phosphoglycerate and ATP to generate 3-phospho-D-glyceroyl-
phosphate and ADP. Mutants of Pseudomonas aeruginosa defective in PGK were 
unable to grow on gluconeogenic precursors like glutamate, succinate or lactate 
(O’Brien, 1975). The increased expression of PGK is very interesting. One possible 
reason might be due to an increase in pyruvate concentration arising from degradation 
of gentisate. The relationship of PGK induction and synthesis with aromatic 
hydrocarbons needs further investigations.  
The protein spot U4 was identified to be flagellin. Flagella allow cell motility and the 
increased expression of flagellin in G56 showed that G56 might increase its motility in 
response to gentisate induction. Chemotactic responses are known to allow motile 
microorganisms to rapidly move toward a microenvironment optimal for their growth 
and survival (Alexandre and Igor, 2001). Aromatic hydrocarbons such as benzoate, 4-
hydroxybenzoate and salicylate could serve as chemoattractants for Pseudomonas 
putida PRS2000 (Harwood et al., 1984), while benzene and ethylbenzene were found 
to serve as chemoattractants for P. putida F1 (Rebecca et al., 2000) and naphthalene 
served as the chemoattractant for P. putida G7 (Grimm and Harwood, 1997; Marx and 
Aitken, 1999; Samanta and Jain, 2000). Further experiments by drop assay, swarm 
plate assay and capillary assay will reveal the relationship between the chemotactic 
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response and motility of P25X in response to gentisate induction.  
The protein spot U6 was identified to be a periplasmic C4-dicarboxylate-binding 
protein (DctP). Bacterial binding-protein-dependent transport systems are structurally 
complex, consisting of both periplasmic and membrane-bound components. An 
essential component of this type of transport system is the substrate binding protein 
(Ames, 1988). So far, three genes essential for transport have been identified, one 
structural (dctP) and two regulatory (dctS and dctR). dctP encodes the periplasmic C4-
dicarboxylate-binding protein (DctP) which has been purified (Shaw et al., 1991) and 
characterized extensively with respect to its ligand binding kinetics and conformational 
thermodynamics (Walmsley and Shaw, 1992; Walmsley et al., 1992). DctP can bind 
succinate, malate and fumarate as physiological substrates (Walmsley et al., 1992) and 
the latter two compounds (malate and fumarate) were intermediates of the TCA cycle. 
It is postulated that the increased activity of binding-protein-dependent C4-
dicarboxylate transport system was linked to gentisate degradation through interaction 
with TCA cycle intermediates such as malate and fumarate.  
The protein spot M6 was identified to be a periplasmic basic amino acid-binding 
protein. The protein spot U3 was identified to be a Leucine-, isoleucine-, valine-, 
threonine-, and alanine-binding protein precursor (LIVAT-BP). These proteins are 
involved in the protein components of bacterial binding-protein (BP) -dependent solute 
transport systems (JA Forward et al., 1997), and were found to participate in the 
transport of amino acids (Hoshino and Kose, 1989). In Pseudomonas aeruginosa, the 
LIVAT-BP transport system mediates the transport of branched-chain amino acids 
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(Hoshino and Kose, 1989). The periplasmic binding proteins (BPs) of Gram-negative 
bacteria are involved in the transport of, and chemotaxis towards substrates such as 
sugars, amino acids, peptides, ions, and vitamins (Richarme and Caldas, 1997). For 
transport, each BP interacts with, and delivers its ligand to a membrane complex 
comprising one or two integral inner membrane proteins or one to two subunits of an 
energy-transducing ATPase (Richarme and Caldas, 1997). For chemotaxis, each BP 
interacts with an inner membrane receptor that transmits the chemotactic signal to the 
flagellar apparatus via cytoplasmic components (Richarme and Caldas, 1997). 
Previous studies also showed that a membrane-associated efflux system was involved 
or alteration of the cell membrane was observed when P.putida strains were exposed to 
organic solvents (Jasper et al., 1998; Juan et al., 1997). The increased expression of 
periplasmic BPs in G56 suggested that G56 might physiologically adjust the transport 
systems located on the cell membrane to facilitate or restrict the vectorial movement of 
nutrients or toxic compounds across the cell membrane, or these transport systems 
might function as part of the chemotactic responses to gentisate. The molecular 
mechanism of the transport process for aromatic compounds such as gentisate in G56 
remains to be established.  
It is possible that the synthesis or the over-expression of these proteins may allow the 
bacteria to face harsh conditions and to maintain essential cellular functions. Further 
investigations of these proteins will allow a better understanding of the degradation of 
aromatic hydrocarbons by P.alcaligenes P25X. 
In this study, we also observed some protein spots that matched ORF sequences with 
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no known functions. For example, protein M8 was identified to be a homologue of the 
"ORF1" gene from Pseudomonas sp. This is not surprising, as approximately 50% of 
ORFs in the genome of P. aeruginosa PAO1 which were completly sequenced have 
unknown functions (Amanda et al., 2002). Besides, the biological functions of other 
protein spots such as M3 and M4 need further investigations.  
In conclusion, we have clearly shown that G56 cells growing in the presence of 
aromatic inducer, gentisate, undergo significant physiological changes as reflected in 
their protein profiles. This work will provide a basis for further investigations into the 
gentisate pathway employed by P25X to degrade aromatic hydrocarbons and the 
physiological responses of P25X to changes in the environment. Furthermore, the 
work presented here demonstrates the use of proteomics and combined protein 





















In this study, 2-D electrophoresis was applied for proteome analysis of the protein 
profiles of P25X wild type and mutant G56, grown in the presence and absence of the 
aromatic inducer - gentisate. 2DE is used in this application due to its unparalleled 
ability to separate thousands of proteins. 2DE is also unique in its ability to detect post-
translational modifications, which cannot be predicted from the genome sequence. Gel 
comparison revealed fifteen distinctive protein spots which were observed only in 
induced cells of P25X WT and mutant G56 but absent in non-induced cells of both , 
and these spots were further analyzed by MALDI-TOF and Q-TOF. Of the 15 proteins, 
12 showed significant sequence similarity to proteins with assigned functions in other 
microorganisms and 2 had unknown functions. The identification of protein M5 which 
showed positive identification to a gentisate dioxygenase from Ralstonia sp.U2 
(Fuenmayor et al., 1998) indicated the putative role of this protein to encode gentisate 
1,2-dioxygenase in P.alcaligenes P25X.  
Automated Edman degradation of protein spot M5 and comparison of N-terminal 
amino acid sequences of gentisate 1, 2-dioxygenases from P.alcaligenes P25X and 
P.putida P35X and several other strains revealed that within the first 15 N-terminal 
amino acids, M5 had 86.7% identity with the inducible P35X GDO. N-terminal 
sequencing of those still unidentified protein spots (U2, U3) after MALDI-TOF and Q-
TOF followed by database searches enabled the positive identification of these two 
spots. 
The availability of the peptide sequences of M5 should enable a reverse genetics 
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approach to be undertaken to clone, express and characterize the protein. The parallel 
protein analysis of P.alcaligenes P25X WT and mutant strain G56 has enabled changes 
in P.alcaligenes P25X protein expression in response to induction by aromatic 











































LB (Luria- Bertani) Medium, per liter (Miller, 1972) 
 
Nacl 10 g 
Tryptone 10 g 
Yeast extract 5 g 
 
For agar plate, 15 g agar were added before autoclaving. 
 
Basal Minimal Medium (without carbon source), per liter (Hegeman, 1966) 
 
KH2PO4 2 g 
(NH4)2SO4 1 g 
Mineral salt solution (A) 20 ml 
Metals “44” solution (B) 1 ml 
 
The pH was adjusted to 7.4 with 1 N NaOH. After autoclaving, 1 ml of sterile 40 % 
MgSO4 was added. 
 
A. Mineral salt solution, per liter 
 
Nitrilotriacetic acid 10 g 
Potassium hydroxide  7.3 g 
Calcium chloride.2 H2O 3.34 g 
Ammonium molybdate 9.3 mg 
Ferrous sulfate.7 H2O 9.9 mg 
 
B. Metals “44” solution, per liter 
 
EDTA 250 mg 
Zinc sulfate.7 H2O 1100 mg 
Manganese sulfate.H2O 154 mg 
Ferrous sulfate.7 H2O 500 mg 
Copper sulfate.5 H2O 40 mg 










Carbon source  
 
Sodium lactate 20 mM 
2, 5-Xylenol 2.5 mM 
3, 5-Xylenol 2.5 mM 
3- Hydroxybenzoic acid 2.5 mM 
Sodium gentisate  2.5 mM 
 




A. 40 mM Tris 
 
B. Lysis solution [8 M urea, 4 % CHAPS, 40 mM Tris (base), 40 ml] 
 
 Final concentration Amount 
Urea (FW 60.06) 8 M 1 19.2 g 
CHAPS 2 4 % (w/v) 1.6 g 
Tris base (FW 121.1) 40 mM 0.194 g 
dd H2O  to 40 ml 
 
Lysis solution was prepared freshly or stored in aliquots at -20 ºC. 
1. If necessary, the concentration of urea could be increased to 9 or 9.8 M 
2. Other detergents (Triton X-100, NP-40, and other non-ionic or zwitterionic 




A. Rehydration stock solution1 (8 M urea, 2 % CHAPS, bromophenol blue, 25 ml)  
 
 Final concentration Amount 
Urea (FW 60.06) 8 M 2 12 g 
CHAPS3 2% (w/v) 0.5 g 
Bromophenol blue Trace (a few grains) 
dd H2O  to 25 ml 
 
The rehydration stock solution was stored in 2.5 ml aliquots at -20 ºC. 
1.  DTT (7 mg) and IPG Buffer (12.5 µl) were added into per 2.5 ml aliquot of 
rehydration stock solution just prior to use. If loaded with rehydration solution, sample 
was also added just prior to use. 
2.  If necessary, the concentration of urea could be increased to 9 or 9.8 M 
3.  Other detergents (Triton X-100, NP-40, and other non-ionic or zwitterionic 




B. SDS equilibration buffer1 (50 mM Tris-Cl pH 8.8, 6 M urea, 30 % glycerol, 2 % 
SDS, bromophenol blue, 200 ml) 
 
 Final concentration Amount 
1.5M Tris-Cl, pH8.8 
(see solution D) 
50 mM 6.7 ml 
 
Urea (FW 60.06) 6 M 72.07 g 
Glycerol (87% v/v) 30 %(v/v) 69 ml 
SDS (FW 288.38) 2 % 4.0 g 
Bromophenol blue trace a few grains 
dd H2O  to 200 ml 
 
The SDS equilibration buffer was stored in 40 ml aliquots at -20 ºC. 
1. DTT or iodoacetamide was added prior to use.  
 
C. Monomer stock solution (30 % acrylamide, 0.8 % N,N'-methylenebisacrylamide, 
200 ml) 
 
 Final concentration Amount 




0.8 % 1.6 g 
dd H2O  to 200 ml 
 
The monomer stock solution must be filtered through a 0.45 µm filter and stored at      
4 ºC away from light. 
 
D. 4X Resolving gel buffer (1.5 M Tris-Cl pH 8.8, 1000 ml) 
 
 Final concentration Amount 
Tris base (FW 121.1) 1.5 M 181.5 g 
dd H2O  750 ml 
HCl (FW 36.46)  adjust to pH 8.8 
dd H2O  to 1000 ml 
 
The resolving gel buffer must be filtered through a 0.45 µm filter and stored at 4 ºC. 
 
E. 10% SDS 
 
 Final concentration Amount 
SDS (FW 288.38) 10 % (w/v) 5.0 g 
dd H2O  to 50 ml 
 
The 10% SDS solution must be filtered through a 0.45 µm filter and stored at room 
temperature. 
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Ammonium persulphate (FW 228.20) 10 % 0.1 g 
dd H2O  To 1ml 
 
The 10% ammonium persulphate was prepared just prior to use. 
 
G. SDS electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS, 5 liters) 
 
 Final concentration Amount 
Tris base (FW 121.1) 25 mM 15.1 g 
Glycine (FW 75.07) 192 mM 72.1 g 
SDS (FW 288.38) 0.1% (w/v) 5.0 g 
dd H2O  to 5000 ml 
 
The SDS electrophoresis buffer was stored at room temperature. 
 
H. Agarose sealing solution  
 
 Final concentration Amount 
SDS electrophoresis buffer 
(see solution G) 
 100 ml 
Agarose 0.5 % 0.5 g 

























Z h a o b in g  M 5




0 2 1 2 3 0 -0 4  4  (0 .3 6 0 ) T O F  M S  E S +  
1 9 54 7 2 .2 54 0 6 .5 5
3 4 6 .6 9
2 1 7 .1 3
2 7 1 .1 6 3 0 7 .1 8
3 4 7 .2 0
3 6 1 .2 0
3 7 9 .2 4
4 1 7 .2 4
4 6 4 .2 8
4 5 3 .9 0
4 8 1 .2 4
4 8 1 .7 5 5 1 9 .7 5
4 8 2 .2 6
5 1 9 .2 6
5 2 0 .2 5
5 2 8 .3 0 6 0 9 .3 3
5 2 8 .7 9
5 8 7 .3 2
6 0 9 .8 3 7 0 7 .8 8
6 7 2 .3 96 4 5 .4 2 8 1 5 .4 57 4 3 .4 4 7 7 7 .4 0
78 









021230-06   MaxEnt 3  25 [Ev-80437,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 519.75ES+ 
 N  Y   T  L V  D  GE K bMax
























Z h a o b in g  M 5  ( 4 7 2 . 2 5 + 2 )
0 2 1 2 3 0 - 0 5    M a x E n t  3   1 2  [E v - 1 0 4 8 8 8 , It5 0 , E n 1 ] ( 0 . 0 2 0 , 1 2 9 . 0 0 , 0 . 1 3 5 , 9 0 0 . 0 0 , 2 , C m p ) 1 :  T O F  M S M S  4 7 2 . 2 5 E S +  
 A   G   D   L  T   P   L  E  K  b M a x
K   E  L   P   T  L  D  G  A  y M a x
4 8 6 . 2 8
y 4
2 4 4 . 0 8
b 3
1 2 9 . 0 6
b 2
8 6 . 1 0
L 2 0 1 . 1 2
4 7 2 . 2 7
3 2 9 . 1 7
a 42 7 6 . 1 5
y 2 3 4 0 . 1 8
4 4 0 . 1 9
5 8 7 . 3 1
y 5
5 6 9 . 3 0
5 4 3 . 2 9
8 1 5 . 4 0
y 77 0 0 . 3 9
y 6
6 8 2 . 3 8
7 9 7 . 3 9
b 8
7 0 1 . 4 5
8 7 2 . 4 3
y 8 9 4 3 . 4 6 ( M + H )  +
9 2 5 . 4 4
9 4 4 . 5 5
9 8 3 . 5 5
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021230-09   MaxEnt 3  12 [Ev-25863,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 527.80ES+ 
 W  V  G V  P D  L L R bMax


















021230-08   MaxEnt 3  16 [Ev-60240,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 464.27ES+ 
TR  P V   L  W R bMax

























Appendix 3 MS/MS spectrum for protein M5 (continue) 
 





021230-12   MaxEnt 3  25 [Ev-65853,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 609.33ES+ 
YA  D V  GV P  D L L R bMax





























021230-10   MaxEnt 3  45 [Ev-25646,It50,En1] (0.020,129.00,0.135,900.00,2,Cmp) 1: TOF MSMS 707.88ES+ 
 E S  L N  L G T V  E D L  P K bMax
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